■ INTRODUCTION
Colloidal semiconductor nanocrystals have garnered great interest due to their potential applications in solar energy harvesting, light-emitting devices, and as optical probes for imaging and tracking. 1, 2 Among semiconductor materials, Cu 2 ZnSnS 4 (CZTS) and, potentially also transition metaldoped Cu 2 ), are promising for solar cell applications due to their direct band gap of ∼1.5 eV, large absorption coefficient, and abundantly distributed and relatively biocompatible elements. 3−17 Incorporating transition metals into semiconductors is a burgeoning field of research. Doped semiconductor nanocrystals have been heavily studied for energy transfer and sensing, magnetic and optoelectronic devices, and data storage. 12,18−22 Some of the most explored metal-doped nanoscale semiconductors include Mn 2+ -doped ME nanocrystal quantum dots (M = Zn, Cd; E = S or Se), 23−25 nanoribbons, 2 and CdS/ZnS core−shells. 26 Beyond manganese(II), there has been a focused effort to dope different transition metal ions into a variety of semiconductors, including Ni 2+ into ZnE, Co 2+ or Ni 2+ into ZnO, Co 2+ into TiO 2 , and Co 2+ into CdE (E = S or Se). 27−35 Similar to these systems, incorporating tetrahedrally coordinated, high spin, first row transition metal ions into the CZTS lattice could lead to new magnetically-and optically-active earth abundant materials with potential applications in the field of information technology, specifically in spintronics and magnetic data storage. 36, 37 However, in contrast to doped II−VI materials, there are few reports on doping Mn 2+ , Co 2+ , or Ni 2+ into the CZTS lattice. These reports focused mainly on optical properties of the fully (rather than the partially) substituted "CMTS" materials, such as Cu 2 16, 17, 41 Building on the controllable synthesis of colloidal semiconductor nanocrystals, 42−47 we and others recently manipulated the composition and morphology of CZTS nanorods by adjusting the relative reactivity of the molecular precursors used. 48−50 We also utilized this method to synthesize photocatalytic CZTS-Au heterostructures. 51 Here, we use this platform to dope first-row, transition metal ions into Cu 2 Synthesis. CZTS nanorods were made by a modified literature procedure. 48, 52 In a typical synthesis, copper(II) acetylacetonate (0.5 mmol), zinc(II) acetate dihydrate, and/or dopant ion precursor (manganese(II) acetate tetrahydrate, nickel(II) acetate tetrahydrate, cobalt(II) tetrahydrate) (0.25 mmol), tin(IV) acetate (0.25 mmol), and TOPO (1.75 mmol) were mixed with ODE (5 mL) in a three-neck, roundbottom flask and evacuated at room temperature for 30 min. The flask was heated to 120°C and a mixture of 1-dodecanethiol (0.52 mmol) and tertdodecylthiol (3.72 mmol) quickly injected. After additional heating to 210°C for 30 min with continuous stirring, the solution was allowed to cool to 80°C and anhydrous toluene (1.5 mL) added. Brown/black colored solids (nanocrystals) were isolated by repeated precipitation with a mixture of acetonitrile, ethanol and methanol, and centrifugation at 5000 rpm for 8 min, followed by redissolution in toluene. TOPO Wash. To remove excess manganese ions from the surface of the nanocrystals, we employed a trioctylphosphine oxide (TOPO) "wash".
53,54 Briefly, we added a small amount of TOPO to the nanoparticles, sonicated the mixture for 10 min, and then washed again twice with methanol and ethanol. Thiol Wash. In order to reduce nanoparticle aggregation, we employed a wash using excess thiols. Briefly, approximately 0.4 mL of a 1:7 mixture of 1-dodecanethiol and tert-dodecylthiol was added to approximately 5 mL of particles (half to one batch, as synthesized above). dispersed in toluene. After sonication for 1 h, the particles were washed once with ethanol and methanol and centrifuged at 5000 rpm for 8 min.
Characterization. Powder X-ray Diffraction (XRD) were measured using Cu Kα radiation on a Rigaku Ultima IV diffractometer. A standard pattern of wurtzite (hexagonal) ZnS was used in lieu of wurtzite CZTS (unknown). Transmission Electron Microscopy (TEM) was conducted on carbon-coated nickel or gold grids using a FEI Tecnai G2F20 field emission scanning transmission electron microscope (STEM) at 200 kV (point-to-point resolution < 0.25 nm, line-to-line resolution < 0.10 nm). The nanorods' axial elemental composition was characterized using energy-dispersive spectroscopy (EDX) line scans in STEM mode. Atom % values were determined by averaging five EDX scans of representative areas within each sample. Particle sizes (dimensions) and statistics (>100 particles) were measured manually using ImageJ. Average sizes are reported with ±1 standard deviations. Electron Paramagnetic Resonance (EPR) spectra were measured using an ELEXYS E580 EPR Spectrometer (Bruker BioSpin) equipped with an SHQE resonator and an Oxford ESR900 cryostat. The samples were dispersed in toluene, placed in a 4 mm quartz tube, and frozen in liquid N 2 prior to insertion into the cryostat. Low temperature spectra were measured at 10 K. Typical spectra were acquired with a sweep width of 5000 G, 2048 points, 8 G amplitude modulation, and 1.986 mW microwave power. Simulations were performed in the computational package EasySpin, which runs on the Matlab platform, using the "pepper" function. Although the full spin Hamiltonian employed in the EasySpin simulations contains six terms, only three are used in our simulations: the Electron Zeeman interaction (EZI), Zero-Field interaction (ZFI), and Nuclear Zeeman interaction (NZI), shown below:
X-ray Photoelectron Spectroscopy (XPS) was measured with a Physical Electronics 5500 Multitechnique system using a standard Al Kα source. Analysis spot size was 1 × 1 mm and the sample was mounted on twosided tape (3M). Binding energies were referenced to the C 1s peak at 285.0 eV. Optical absorption spectra were measured with a photodiode array Agilent 8453 UV−vis−NIR spectrophotometer. Solvent absorption was subtracted from all spectra. Tauc plots were generated by calculating (αℏυ) 2 because CZTS has a direct band gap. The band gap was estimated by extrapolating the most linear portion of the graph. ). 9, 10, 13 The metal ion positions in these structures, their magnetic interactions, and M−M distances, have been characterized and reported in previous magnetism studies. 40 Partially substituting (doping) Cu 2 M x Zn 1−x SnS 4 nanorods (M = Mn 2+ , Co
2+
, Ni 2+ ) with a wurtzite crystal structure (P6 3 mc) could lead to additional and interesting magnetic properties. 16, 57 Simple considerations predict that doping and even complete solid solutions are possible over the whole Cu 2 M x Zn 1−x SnS 4 composition range (0 ≤ x ≤ 1). Across these series, available lattice parameters differ little, by less than 1%, as do ionic radii for the four-coordinate Zn , and Ni 2+ , by less than 10% (Table 1) . 58 General Synthesis. Our general synthesis of Cu 2 M x Zn 1−x SnS 4 nanorods is shown in Scheme 1. 48 Briefly, a 1:7 mixture of 1-dodecanethiol and tert-dodecylthiol was injected to a dispersion of the metal precursor salts in an ODE-TOPO mixture at 120°C, causing an immediate color change from blue to green; subsequent heating to 210°C turned the solution dark brown or black, which is consistent with the measured band gap values of 1.3−1.6 eV and 775−950 nm ( Figure 1 and Supporting Information). First-principles calculations have shown that the valence band in wurtzite and kesterite CZTS mainly consists of sulfur p and copper d orbitals, while the conduction band consists of sulfur s and p, and tin p orbitals. 64, 65 It is reasonable to expect that doping with a transition metal may alter the band gap somewhat by adding metal d orbitals, as is observed experimentally.
13,16,39
Mn 2+ -Doped CZTS Nanorods. Powder X-ray diffraction (XRD) shows that Cu 2 Mn x Zn 1−x SnS 4 nanocrystals have the same wurtzite (hexagonal) structure as the undoped CZTS nanorods (Figure 2) . 58 The anisotropic, elongated (1D) nature of the nanocrystals is evident from the different peak widths of the diffractions corresponding to the 100 (broad, diameter dimension) and 002 (narrow, axial direction) lattice planes ( Table 2) . 66 Transmission electron microscopy (TEM) confirms the elongated, 1D morphology of the nanorods (Figure 3) . From the XRD and TEM data, Mn-doping appears to have a small but consistent lowering effect on the aspect ratio of the nanocrystals ( Figure 1) ; the changing single crystalline domain "size" across different directions is reflected in the broadening and narrowing of different peaks in the powder XRD patterns (for example, Figure 2 ). 66 EDX data indicate that it may be possible to substitute Mn into Cu sites, in addition to the Zn sites, as judged by the highest observed Mn value of 18 atom%, compared to a theoretical limit of 12.5 atom% for the Zn sites, only.
EPR Characterization and Effect of TOPO Washing. To characterize the presence of magnetic ion dopants within the nanocrystalline CZTS lattice, we employed electron paramagnetic resonance (EPR) spectroscopy. To remove excess manganese ions from the surface of the nanocrystals, we employed the TOPO (trioctylphosphine oxide) washing method (see Experimental Section). 53, 54 After this TOPO wash, the EPR spectra were smoother and more consistent from sample to sample. Removal of excess Mn 2+ is known to reduce spin−spin interactions between neighboring magnetic ions. In our case, this improvement is best seen in the EPR of the 3 atom % Mn sample, where the hyperfine splitting becomes discernible only after the surface manganese ions have been removed (Figure 4) . 81 The Mn 2p 1/2 and 2p 3/2 peaks at 653.9 and 642.3 eV have a splitting of 11.6 eV, indicative of Mn(II). 41 Sn 3d 3/2 and 3d 5/2 peaks for tin(IV), at 494.9 and 486.5 eV, show a splitting of 8.4 eV. 82 The S 2p peak at 162.5 eV is consistent with literature reports of the sulfur 2p peak in sulfide phases. 83 Co 2+ -Doped CZTS Nanorods. Powder XRD shows that the Cu 2 Co x Zn 1−x SnS 4 nanocrystals also adopt the wurtzite crystal structure ( Figure 5 ). Only the sample containing 11 atom% Co appears to contain a small amount of the ternary cubic impurity CuCo 2 S 4 (reference pattern is shown in Figure 5 ). Both XRD (from the broad 100 vs narrow 002 diffractions) and TEM show that these nanocrystals are elongated (Table 2 and Figure 3b ). Unlike the Mn case above, Co doping does not systematically affect the aspect ratio of the nanorods (Figure 1) .
To characterize the presence of magnetic cobalt dopant ions within the Cu 2 Co x Zn 1−x SnS 4 nanocrystals, we employed X-band EPR measurements at 10 K (Figure 6 ). The analysis was performed at low temperature because, due to fast spin−lattice relaxation, high spin Co(II) is only active at temperatures less than 20 K. 84 The EPR spectra show a feature at ∼1240 G, which is associated with a high spin Co 2+ signal. 85−89 This signal corresponds to a spin of S = 3/2, due to three unpaired electrons (3d 7 ). The cobalt signal is broad due to dipole−dipole coupling, so no hyperfine structure is observed (broad signals are typical for high spin cobalt systems). 90 However, by simulating this Co 2+ portion of the CCoTS spectra we calculate a g value of 4.3. This high g value agrees well with related literature reports (see Supporting Information). 92−95 Based on the g value of 4.3, we can estimate the value of E/D to be ∼0.02 (unitless). 89,96−98 A signal at ∼3400 G is due to Cu 2+ defects, with g z = g ∥ = 2.26 and g x , g y = g ⊥ = 2.025, A x , A y = A ⊥ = 16 × 10 −4 cm −1 , and A z = A ∥ = 133 × 10 −4 cm −1 (see Supporting Information). These values are similar to those in previous reports for Cu 2+ spectra. 99−101 We believe that the resolution differences are due to changes in concentration of the Cu 2+ impurity in each sample. This Cu 2+ signal has been seen before in kesterite CZTS nanocrystals and indicates that there may be a mixture of Cu + and Cu 2+ defects in our samples. 57, 100, 102 To confirm the oxidation states of the metals and sulfur in the cobalt doped CZTS nanocrystals, we employed X-ray photoelectron spectroscopy (XPS), as shown in Figure 7 . Cu 2p 1/2 and 2p 3/2 peaks at 951.9 and 932.1 eV are indicative of Cu(I) with a splitting of 19.8 eV. 81 Co 2p 1/2 and 2p 3/2 peaks at 794.0 and 778.6 eV are indicative of Co(II) with a splitting of 15.3 eV. 103 Sn 3d 3/2 and 3d 5/2 peaks for Sn(IV), at 494.6 and 486.3 eV, show a splitting of 8.4 eV. 82 The peak at 162.4 eV is consistent with literature reports of the sulfur 2p peak in sulfide phases. 83 
Ni
2+ -Doped CZTS Nanorods. Powder XRD and TEM shows that the Cu 2 Ni x Zn 1−x SnS 4 nanocrystals are hexagonal (wurtzite) nanorods (Figures 3c and 8) . Compared to Mn, Ni doping has a smaller but still measurable effect in lowering the degree of anisotropy (elongation) of the nanocrystals (Figure 1 ). Specifically, their aspect ratio goes from roughly 4 to 2 upon doping with 0 atom% nickel and 12.5 atom % nickel, respectively (Table 2) . Based on literature reports, the zero-field splitting of transition metals with S = 1 exceeds the microwave quantum, and their EPR signal appears at fields and frequencies beyond the capabilities of traditional EPR instruments. 104 An example of such EPR silent system is Ni 2+ , a 3d 8 non-Kramer's system with an integer-spin ground state S = 1. 105 For this reason, EPR measurements were not performed on the Ni doped nanocrystals.
To elucidate the different element's oxidation states in the Cu 2 NiSnS 4 nanocrystals, we performed XPS measurements ( Figure 7 ). Cu 2p 1/2 and 2p 3/2 peaks at 951.7 and 931.8 eV are indicative of Cu(I) with a splitting of 19.8 eV. 81 Ni 2p 1/2 and 2p 3/2 peaks at 871.1 and 853.4 eV are indicative of Ni(II) with a splitting of 17.8 eV. 106 Sn 3d 3/2 and 3d 5/2 peaks for Sn(IV), at 494.4 and 486.0 eV, show a splitting of 8.4 eV. 82 The S 2p peak at 162.4 eV is consistent with literature reports of the sulfur 2p peak in sulfide phases. 80 Aggregation of CZTS and Ni 2+ -Doped CZTS Nanorods: Effect of Thiol Washing. Significant nanocrystal aggregation was observed in the TEM images of the as prepared nickel-doped materials, as well as in the parent undoped CZTS nanorods. Previous studies have followed the formation of aggregates in binary metal chalcogenide nanocrystals. On the basis of Raman and XPS spectroscopy, these previous studies proposed that clustering in such binary systems was due to dichalcogenide bond formation between neighboring particles. 107, 108 Washing with a reducing agent was shown to break the dichalcogenide bonds, breaking up the aggregates, and producing well-defined, soluble particles.
In view of these results, we attempted a similar method to wash our aggregated quaternary particles using excess thiols. Briefly, a mixture of 1-dodecanethiol and tert-dodecylthiol was used to wash the particles dispersed in toluene, before proceeding to purification (see Experimental). TEM shows that this method succeeds in reducing aggregation of both CZTS and Cu 2 Ni x Zn 1−x SnS 4 nanorods (Figures 3c,d and 9 ). To gain further insight into the surface chemistry changes that may be responsible for this behavior in our system, we utilized XPS. After thiol washing the CZTS nanocrystals, a second sulfur peak at 168.3 eV, indicative of oxidized sulfur in sulfonates, RSO 3 − , appeared in the XPS spectrum (Figure 8) . 109 A shoulder peak at 497 eV has been reported as characteristic of the Sn 3d peak. 110 Critically, FTIR spectra confirmed the presence of a sulfonate species after the thiol wash, as evidenced by a sulfonate symmetric stretching peak at 1189 cm −1 (see Supporting Information). 111, 112 An additional IR peak at 1145 cm
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, both before and after thiol washing the CZTS nanorods, corresponds to TOPO ligands on the surface of the nanorods. 113 Several attempts using Raman and XPS failed to show any sulfur peaks associated with disulfide bond forming/breaking on the surface of these quaternary nanocrystals.
Based on these results, we believe that the surface chemistry of quaternary chalcogenides such as CZTS and CNiTS nanorods differs substantially from that of other chalcogenide systems. On the basis of the aforementioned XPS and IR data, we speculate that excess metal ions, present during synthesis, may be responsible for the observed aggregation by cross-linking terminal sulfides on the surface of the nanocrystals. 114 and Ni 2+ will be more attracted to sulfur since S 2− is a soft base, leading to increased aggregation in these materials compared to the Cu 2 Mn x Zn 1−x SnS 4 or Cu 2 Co x Zn 1−x SnS 4 nanocrystals. Upon washing, the added thiols bind the excess metal ions, thus removing them from the particle surface and reducing aggregation. In this way, the terminal sulfur or sulfides on the particle surface become exposed and more susceptible to oxidation when stored in air, forming the sulfonate species we observed via XPS and FTIR.
■ CONCLUSIONS
We have successfully doped hexagonal (wurtzite) Cu 2 ZnSnS 4 nanorods with Mn 2+ , Co
2+
, and Ni 2+ . Experimental evidence is consistent with substitution at the zinc site in the three series from CZTS to CMTS. All three series show a wurtzite crystal structure by powder XRD, and broad absorption over the visible range, with a band gap ranging from 1.3 to 1.6 eV. TEM measurements show that each material retains the original nanorod morphology, with aspect ratios generally varying from 3. Along with the original methanol/ethanol wash, a TOPO wash was employed to purify the Cu 2 Mn x Zn 1−x SnS 4 samples. TOPO ligands bind strongly to the excess Mn 2+ ions on the surface of the nanocrystals. Upon centrifugation, the TOPO ligands are removed, pulling the excess Mn 2+ from the surface as well. The EPR signal in the 3 atom% Mn sample confirms that this is the case because the spectrum shows a drastic change before and after this wash, from one smooth curve to the expected six peak splitting EPR pattern. Analogous to other systems, this change in the EPR spectrum indicates that the manganese remaining in the sample is located within (at the interior of) the nanocrystal lattice.
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Several samples in this study showed substantial aggregation, particularly Cu 2 ZnSnS 4 and Cu 2 Ni x Zn 1−x SnS 4 nanocrystals. We mitigated this problem by employing an additional thiol wash. Aggregation was significantly reduced by washing the nanocrystals with a mixture of 1-dodecanethiol and tert-dodecylthiol, followed by centrifugation. We believe aggregation is due to metal ions cross-linking the surface terminal sulfides of separate nanocrystals. Upon washing, the additional free thiols bind and remove the metal ions, leaving the terminal sulfurs free to oxidize in air. This hypothesis is supported by the XPS data and FTIR data after the thiol wash, which show new peaks corresponding to sulfonate species.
In summary, we have synthesized and characterized wurtzite Cu 2 M x Zn 1−x SnS 4 nanorods (M = Mn 2+ , Co 2+ , Ni
2+
) with different dopant concentrations from 0 ≤ x ≤ 1 (from CZTS to CMTS). In addition, we have shown that different methods of washing the nanocrystals can be employed to improve the purity and spectral quality of these materials. The magnetic properties of these materials warrant further investigation and may enable future applications in new areas such as data storage and spintronics.
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